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ABSTRACT: Human replication protein A (RPA), a heterotrimer composed of RPA70, RPA32, and RPA14

subunits, contains four single-stranded DNA (ssD
DBD-C in RPA70 and DBD-D in RPA32. Although

NA) binding domains (DBD): DBD-A, DBD-B, and
crystallographic or NMR structures of these DBDs

and a trimerization core have been determined, the structure of the full length of RPA or the RPA

ssDNA complex remains unknown. In this article

, we have examined the structural features of RPA

interaction with ssDNA by fluorescence spectroscopy. Using a set of oligonucleotides (dT) with varying
lengths as a molecular ruler and also as the substrate, we have determined at single-nucleotide resolution
the relative positions of the ssDNA with interacting intrinsic tryptophans of RPA. Our results revealed
that Trp528 in DBD-C and Trp107 in DBD-D contact ssDNA at the 16th and 24th nucleotides (nt) from
the B-end of the substrate, respectively. Evaluation of the relative spatial arrangement of RPA domains
in the RPA-ssDNA complex suggested that DBD-B and DBD-C are spaced by about 418 )

apart, whereas DBD-C and DBD-D are spaced by about 784 (A). On the basis of these geometric
constraints, a global structure model for the binding of the major RPA DBDs to ssDNA was proposed.

Replication protein A (RPA)is a eukaryotic single-
stranded DNA (ssDNA) binding protein. The hallmark
ssDNA binding activity of RPA is essential for its functions
in DNA replication, repair, and recombinatioh~7) as well
as in ATR- and Rad9/Rad1/Husl-mediated DNA damage
responses3—10). In cells, RPA hinds tightly to the ssDNA

in tandem with DBD-A and -B in the central region and
DBD-C in the C-terminal region2@). The fourth DBD
resides in the central region of RPA32, referred to as DBD-D
(24, 25). RPA binds to ssDNA in a sequential multistep
manner and in the direction from & 3 (4, 7, 24—30). The
binding is initiated by an interaction of the DBD-AB domains

regions generated during these DNA metabolic reactions andyith g length of 8-10 nucleotides (nt) at the-Berminus of

interacts with many other proteins to facilitate these pro-
cesses. RPA also undergoes hyperphosphorylation in re
sponse to a variety of DNA damage agents such as UV or
ionizing irradiation. Hyperphosphorylation is believed to play
an important role in regulating RPA activities in cells 8,
11-19). Structurally, human RPA is a heterotrimeric protein
composed of three subunits of 70, 32 and 14 KDaréferred
to as RPA70, RPA32, and RPA14, respectively.

Human RPA binds to ssDNA with low cooperativity and
high affinity with an association constark in the range
of 10°—10'" M~ depending on the sequence and length of
the substrate and the experimental conditics20—22).
RPA contains four major DNA binding domains (DBDs).
Three of them (DBD-A, -B, and -C) are located in RPA70
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the ssDNA g4). A more stable intermediate binding mode

“of 13—22 nt has been suggested with the additional involve-

ment of DBD-C @, 24, 25). Finally, the cooperative binding
of all four RPA DBDs occurs with an occluded size of
approximately 30 nt4, 7, 31). It has been suggested that
the involvement of DBD-C and DBD-D in the binding
requires significant changes to the RPA conformatibi29),
whereas the conformation of ssDNA in binding remains
unknown. The binding of RPA to ssDNA of different lengths
is stoichiometric so that the binding stoichiometry is
independent of the length of sSSDNA&Y, 31).

Important information about RPA domain structures has
been obtained from X-ray crystallographic and NMR spec-
troscopic characterizations. This includes DBD-A and -B in
the presence and absence of ssD8&36), the DBD-D/
RPA14 dimer 87), the DBD-C/DBD-D/RPA14 trimerZ4),
the C-terminal domain of RPA328), and the N-terminal
domain of RPA70 35, 39). Although almost all of the
substructures of RPA have been solved, the global structure
of the full length of native RPA and the structure of the
RPA—ssDNA complex remain unknown. The three-dimen-
sional positioning of the RPA subunits becomes even more
important as RPA may undergo structural changes and
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domain reorganization upon binding to ssDN#40O) (30— added, and the mixtures were immediately loaded onto a
32, 41, 42). Furthermore, because RPA contains six OB 3.5% native polyacrylamide gel in TBE running buffer and
(oligonucleotide/oligosaccharide-binding) folds, it remains electrophoresed at room temperature.

to be determined whether other OB folds (RPA14 and the  Fjyorescence Measuremenfuorescence measurements

N-terminal domain of RPA70) also are involved in ssSDNA  \yere performed on a SPEX Fluorolog-3 fluorometer (Jobin
interactions 0, 43). We recently identified several lysines yyon |nc.) with slit widths set at 3 and 5 nm for excitation
of full length RPA directly involved in the interaction with 514 emission beams, respectively. All measurements were
sSDNA using a mass spectrometry based meth®d). ( performed in a micro quartz cuvette (44 mm; 220uL)
However, more detailed structures of RPA in the complex, with a 2 x 2 mm stirring bar, and the temperature was set
particularly the domain organization, remain to be defined. gt o5°c. The temperature was controlled by a LFI-3751
Availability of structural information on the intact RPA  pejtier temperature controller (Wavelength Electronics, Inc).

ssDNA interactions is crucial for understanding the molecular | fluorescence intensities were corrected by subtracting the
mechanism of RPA and its biological functions. buffer blank under the same conditions.

In this article, using SSDNA as a molecular ruler and also For fluorescence determination of RPA binding to different

as a substrate, we have investigated structural features oiengths of oligonucleotide dT, RPA (90 nM) was incubated
the sequential binding of RPA to ssDNA by fluorescence with (dT), (2 «M) with the ’Iength as indicated. After

spectroscopy. Our results showed that the intrinsic tryptophanincubation in 220.L of RPA binding buffer at 25C for 10
fluorescence of RPA was quenchable upon binding to ssSDNA min, fluorescence was recorded from 320 through 380 nm
because of the interactions between nucleotides and the i ihe excitation wavelength set at 295 nm. The fluores-
tryptophan residues at the binding sites. The interaction of cence intensity of free RPA was defined Bs and the
RPA with an array of increasing lengths of oligonucleotides fluorescence intensity of RPA bound to ssSDNARsThe
(dT), resulted in a stair-like pattern of fluorescence quenching percent quenching of RPA tryptophan fluorescence upon
as a function of the length of oligonucleotides. Combined ssDNA binding was defined asq — F)/Fo x 100%. No

with the available domain structure data of RPA, our results :
o - o more than 5% photobleachin as observed under these
indicated that the two tryptophans in the DNA-binding clefts conditions °P ng W ved u

of DBD-C and DBD-D contacted nucleotides 16 and 24 of .

ssDNA, respectively, numbered from theghd. As a result, Structural Modeling of RPA DBDs-ABCD-(c§ 5sDNA
the ssDNA-bound RPA may adopt a structure with inter- COmplexesThe modeling work was performed using In-
domain distances of about 4 nt and 7 nt between DBD-B Sightll software (Accelrys, CA) followed by energy mini-

and DBD-C, and between DBD-C and DBD-D, respectively. Mization using Xplor-NIH 46) at each step where a
The determined relative positioning information was then nucleotide was added or a complex was formed. The model

used as the spatial constraints in a structural modeling of Was made to keep the DBBED complex and the three

RPA DBDs-ssDNA binding. helix trimerization core intact, while the ssDNA was bent at
DBD-C but remained straight between DBD-C and -D
MATERIALS AND METHODS domains.

Materials. RPA protei ified as d ibed . Coordinates of the DBDs-AB-8nt sSDNA complex were
ateras. protein was puriied as descrived previ- - aen from pdb code 1jm@@), and DNA-free DBD-C, -D

ously @5). Oligonucleotides of different lengths were domains and RPA14 :
. : protein were from pdb code 184).(
purchased from MWG Genetic, acrylamide (40%) was from On the basis of the crystal structure of the eight nucleotides

Bio-Rad, andEscherichia colistrain BL-21(DE3)-RP Was in a roughly straight form) bound to DBDs-AB, it was
from Stratagene. All other reagents are of molecular biology .qtimated that the average length of a nucleotide was

grade quality or F’etFer- ] approximately 4.8 A. This distance constraint was applied

Buffers.RPA binding buffer contained 40 mM HEPES-  {nroughout modeling. Strong evidence suggested a conserved
KOH at pH 7.8, 75 mM KCI, 8 mM MgGl 1 mM DTT, DNA binding site across all four DBD domains, with each
10% glycerol, and 10Qg/mL BSA. RPA storage buffer — pp domain binding about three nucleotides in a very
consisted of 30 mM HEPES-KOH, 0.25 mM EDTA, 0.01%  gjmjlar mannerg3). Therefore, structures of DBD-C-3nt and
NP-40, 1 mM DTT, 100 mM NaCl, and 50% glycerol at pH  ppp-D-3nt sSDNA complexes were modeled following the
7.8. method of Bochkareva et al24) by aligning homologous

Site-Specific Mutations of RPAhe double mutations of  structural elements. From the modeled DBD-C-3nt complex
W528F (RPA70) and W107F (RPA32) were made in RPA structure, it was observed that the last bound nucleotide in
with the pTYB-RPA plasmid as a template using the the 3nt ssDNA was not in close contact with W528. From
Stratagene QuikChange Site-Directed Mutagenesis Kit, by this nucleotide, the ssDNA chain needs approximately one
following the manufacturer’s instructions. The cDNA of the more nucleotide to get close enough to quench the fluores-
RPA mutant coded in the constructed plasmid was overex-cence of W528. Our experiment data indicated that the
pressed, and the produced protein mutant was purified asfluorescence of W528 was quenched by dT16. Therefore,
described previously). Similar procedures were employed  the 3 nucleotides bound to DBD-C were deduced to be-13th
to construct the plasmid for the overexpression of RPA 15th nt, which was in good agreement with the work of
mutant W528A and to purify the mutant protein. others 40). For the DBD-D-3 nt complex, the first bound

Gel Mobility Shift Assays5-32P-(dTko SSDNA (4 nM) nucleotide of the 3nt ssDNA interacted directly with W107.
was incubated with varying concentrations of RPA protein In accordance with our fluorescence quenching data, the three
at room temperature for 15 min in 20 of RPA binding nucleotides bound to DBD-D were determined to be d¥24
buffer. After incubation, 2uL of 80% (v/v) glycerol was 26.
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Ficure 1: Structural characters of RPA. (Panel A) Structures of
DBD-AB, DBD-C, and DBD-D (pdb ID: 1jmc and 1l1o from refs 30 4
31 and 35). The DBDs are positioned by projecting the ssDNA

binding cleft in the same direction. The tryptophan residues are 28 . . . : : : :
marked and colored in red. (Panel B) Schematic representation of 5 10 15 20 25 30 35 40 45
RPA structure. The four DBDs are presented as boxes, the sSDNA

binding interfaces are shown in double lines, the loops linking the Length of (dT)n, nt

domains are presented as thin line, and the flexible N-terminus of Fgyre 2: Dependence of intrinsic tryptophan fluorescence quench-
RPA32 as a thick line. NTD stands for the N-terminal domain of jhg of RPA on its binding to varying lengths of oligonucleotide

RPA70 and CTD for the C-terminal domain of RPA32. The 4T RPA was subjected to the fluorescence measurements at 25
tryptophan residues are marked on the basis of the available domairec with the excitation wavelength set at 295 nm. (Panel A)

structures of RPA. Representative tryptophan fluorescence spectra of RPA (90 nM)
in the presence and absence of ssDNA. Solid line, RPA; dotted
The flexible 18-residue loop between DBD-B and -C was line, RPA plus 2uM (dT)g (left panel) or (dTj, (right panel); and

added to the modeling. The gap distance between dT8 and(jSShefjsl)nge' RP@ P'”?tﬂ'\/‘t(d?n Of‘; the two diﬁ(e:SrSth Ie;lgghs.t'

- - ane uenching of tryptophan fluorescence nm) of native
dT13 was set to _19 A (4 nt), assuming the same straight RPA upon binding to ssDNA of increasing lengt® (The percent
ssDNA conformation as that observed between DBD-A and gyenching is defined in Materials and Methods, and the error bars

-B domains. The straight distance of the DNA gap between represent the standard deviation from at least three independent
dT15 and dT24 was set to 38 A (8 nt), which was found to measurements. The open circles represent the same binding of the
fit quite nicely to the intact DBDs-CD protein complex RPA(WS528A) mutant to sSDNA.

structure. tryptophans of RPA was recorded to monitor their interac-
RESULTS tions with single-stranded (dJ)substrates of increasing
lengths. It should be pointed out that the binding of RPA to
Binding of RPA to ssDNA of Increasing LengtiRRPA even the shortest sSDNA is believed to be stoichiomefic (
contains eight tryptophan residues: W197 and W212 in 31). As shown in Figure 2A, in comparison with that of free
DBD-A, W361 and W414 in DBD-B, and W442 and W528 RPA, tryptophan fluorescence of RPA was significantly
in DBD-C of RPA70; and W2 in the flexible N-terminal reduced upon binding to (dd)and (dT}o at saturating
region of RPA32 and W107 in DBD-D of RPA32. Analysis concentrations. It has been established that RPA binding to
of the available RPA domain structured, 24, 30, 33 (dT)s involved only the DBD-A and DBD-B domains,
indicates that among these residues, W212, W361, and W528vhereas binding to (d%) required the participation of all
of RPA70, and W107 of RPA32 reside in the ssSDNA-binding four DNA-binding domains 4, 24, 30). The stronger
clefts of DBD-A, -B, -C, and -D, respectively, whereas other quenching with (dT, than (dT} indicated the contributions
Trp residues are located far away from the binding cleft to quenching from tryptophans in DBD-C and DBD-D.
structures (Figure 1). Cocrystal structure of DBDs-AB with Further investigation of RPA interaction with a series of
an 8 nt ssDNA showed the direct involvement of W212 and different lengths of (dT) demonstrated that fluorescence
W361 in binding 83). It is likely that tryptophans W528  quenching increased with the length—®&0 nt) of the
and W107 also are involved in the ssDNA interactions, and substrate (Figure 2B®). But most strikingly, the relationship
such an interaction may result in significant fluorescence featured three plateaus and two sharply rising steps. Specif-
changes of these residues upon ssDNA binding. To obtainically, the extent of fluorescence quenching remained similar
the structural information on the sequential stepwise binding for RPA binding to the ssDNA of 815 nt, followed by a
of RPA to the ssDNA substrate, the fluorescence of intrinsic sharp and substantial increase of quenching for binding to

%
% Quenching
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(dThe Considering that binding of RPA to ssDNA is a =~ A

sequential process in the direction fromté 3 of sSDNA E - . ; '
(4), this result suggests that the oligonucleotides {gBnly RPA-ssDNA — HM w
one nucketide longer than (d)happened to be long enough

to allow the 16th nucleotide at the-8nd of the substrate to

interact with the W528 residue in DBD-C. The percentage ‘

of quenching remained unchanged again as the length of .o ssDNA—*

ssDNA for binding increased up to 23 nt. Then with one ' : 4

extra nucleotide, the interaction of RPA with (d7)esulted RPA/ssDNA O 05 1 2 5 10 1 2
in another significant increase in quenching, most likely (molar ratio)
induced by the interaction of the substrate with W107 in RPA Mutant Native RPA
DBD-D of RPA32. Thereafter, quenching started to increase (W528F-W107F)

gradually as ssDNA was further lengthened, until maximum -
quenching (45%) was reached for RPA binding to ¢dT) B .
No additional substantial change of fluorescence was

observed for longer ssDNA (e.g., 40 nt) binding (Figure
2B, @).

Binding of RPA Mutants to ssDNAo confirm that the
stair-like fluorescence quenching was the direct result of
ssDNA interactions of W528 of DBD-C and W107 of DBD-
D, the RPA protein with double mutations of W528F/W107F
was generated. The replacement of tryptophans with phe- . . .
nylalanine at residues 528 of DBD-C and 107 of DBD-D 000 001 002 003 004 005 006
eliminated the Trp fluorescence contributions from these two RPA (uM

. : : um)
sites, whereas the aromatic features of the residues that may

be important for their ssDNA interactions remained. Sub- (C oo w W W
DE0 }_ DBBD H DeD “ Dgo
W ' W F F

0.14
0.12 4
0.10
0.08 4
0.06

0.04 4

Relative Anisotropy (r-rg)

0.02

sequent gel mobility shift assays indicated that this mutant
protein was fully functional in ssDNA binding as compared
with the native protein (Figure 3A). This was further
confirmed by the fluorescence anisotropy determination of
the RPA mutant interaction with (d4y) (Figure 3B). The
dissociation constant for binding is 04880.2 nM, which is
equivalent to or even better than that for the native RPA
(dT)se interaction. The mutant protein was then subjected to
Trp fluorescence measurements with the excitation wave-
length set at 295 nm in the presence and absence of sSsSDNA.
As shown in Figure 3C, similar to the case of the native , . . .
protein, the binding of the RPA mutant to (¢Tesulted in 320 340 360 380 400
significant fluorescence quenching. However, unlike the case Wavelength (nm)

of nativg protein, interaction of the mutant protein With the Ficure 3: Interactions of the RPA mutant with ssSDNA. (Panel A)
(dT)so yielded the same extent of fluorescence reduction as Binding of the native RPA and the RPA mutant protein with two
compared with (dTg In other words, no additional fluores-  point mutations of W528F of DBD-C and W107F of DBD-D to
cence quenching was observed for the binding of {g1a3 (dT)s0 sSDNA (4 nM) as analyzed by gel mobility shift assays.

; T ; (Panel B) Titration of the RPA mutant interaction with (dJ)
compared with that of (dE)so that the stair-like quenching measured by fluorescence anisotropy. The binding isotherms were

pattern was lost. These results strongly support the idea thatieq by the nonlinear least-squares method as described previously

the W528 and W107 are responsible for the stair-like pattern (2, 48).’ (Panel C) RPA mutant subjected to fluorescence measure-

of fluorescence quenching demonstrated in Figure 2. ments £ex = 295 nm) in the presence and absence of saturation
To further very he irectinvolveret of W52 nthe - S0cerialen O SSENA TN (T, I solb s or e

|n'teract|0n of RPA, with SSD',\IA’ the RPA muf[ant Protein — yrgmer complex, and the dotted line for the RPA mutg(T )30

with the W528 residue substituted by an alanine (W528A) complex. The insertion shows the mutation positions in RPA DBDs,

was purified. Then experiments were carried out to determine where W528 in DBD-C of RPA70 and W107 in DBD-D of RPA32

the fluorescence quenching of this mutant with varying have been substituted with phenylalanine. The W stands for

lengths of sSDNA under saturation conditions. As shown in t'yPtophan residue and F for phenylalanine residue.

Figure 2B ©), further quenching due to the binding of native

RPA to (dT)s was no longer observed with the RPA- g :

(W528A)(mu)tant, strongly igdicating that residue W528 is Mutant Binding to $Fluorecein Labeled (d%)

directly involved in the interaction with the16th nucleotide RPA Kd obs (NM)

of (dT),s from the B-end. The fluorescence quenching native 3.1+ 0.6

remains essentially the same until the ssDNA is long enough W528A 8.2£05

to engage W107 of DBD-D. We also determined the binding

affinity of the RPA(W528A) mutant protein with (d3y As than that of native or wild-type RPA. Affinity loss is likely

listed in Table 1, mutant binding is about 2-fold less efficient due to the absence of aromaticity or hydrophobicity at residue

120

100 -

80 A

60

40 1

Relative Fluorescence Intensity

20 A

Table 1: Dissociation Constants for Native RPA and RPA(W528A)
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Ficure 4: Fluorescence quenching of RPA upon binding to ¢ T)

or dT-30mer with an apyrimidinic (AP) site at the 16th nt from the ssDNA: s
5'-end. RPA (nM) was subjected to the tryptophan fluorescence
measurements in the presence or absence of ssSDNA substrates ( .
uM) at 25°C with the excitation wavelength set at 295 nm. Solid “ 24nt »

B

line, RPA; dotted line, RPA plus 2M (dT)so; and dashed line, ) 26nt
RPA plus dT-30mer(AP16). FiGUrRe5: Structural model of RPA DBDs-ABCB(dT)s SSDNA

) ) ) complex formation. (Panel A) Structures are displayed using
528, again strongly suggesting a role for W528 in the RPA  RASMOL software 48) and constructed on the basis of our
ssDNA interaction. fluorescence spectroscopic data and the available domain structures

. - . of RPA (31, 35). The DBD-A, B, C, D domains are colored in
Next, we examined the binding of native RPA to a dT- ie, orange, magenta, and red, respectively.dhelix of the

30mer with an apyrimidinic (AP) site or without the base RPA14 protein is colored in brown. The loops linking DBD-A and
(dbase) at thel6th nucleotide from theehd, referred to as B, DBD-B and C are colored in gray. The ssDNA is colored in

. : : : yellow. The four Trp residues that are presumed to interact with
substra_te was to C(_)nflrm the direct |nterac_tlon_ of the 16th DNA are colored in green. (Panel B) Schematic representation of
nucleotide with residue W528. As _shown in Figure 4, _the the dimension of the RPAsSDNA complex. The boxes A, B, C,
lack of a base at the 16th nucleotide caused a significantand D represent DBD-A, DBD-B, DBD-C, and DBD-D of RPA,
reduction in fluorescence quenching as compared with the respectively. Both DBD-C and DBD-D have a ssDNA binding cleft
binding with (dT)o. This provided further evidence support- of about 3 nt long, as derived from the domain structural data of

. . - . : RPA (31, 35). The ssDNA is plotted as a thick line. The arrows
ing the interaction of W528 with the 16th nucleotide of the jjicate " the relative positions of the tryptophan residues of

SsSDNA. individual DBDs in the binding.

Simple Modeling of RPA DBDssDNA Interactions. )
Based on our fluorescence data, structure of the interactionPhosphate backbone of ssDNA4j, which also was con-
of RPA DBDs with a (dT)s sSSDNA was modeled with the flrm_ed by our EXperl_ments4@1). _ _ o
spatial constraints obtained above (Materials and Methods). tiS worth mentioning that the 18-amino acid loop linking

As shown in Figure 5A, a structural model for the complex the DBD-B and -C is likely very flexible because of the
is produced with the assumption that the trimerization core structurally disordered sequence. The loop structure shown

has no significant conformational changes upon ssDNA N Figure 5A was only for the purpose to show that DBD-B
binding, consistent with the previous report that there was @nd -C are linked together by this loop.

essentially no change in the length of monomeric RPA upon

binding to ssDNA 42). On the basis of the crystallographic DISCUSSION

structure of the core2f), the modeling results in only limited The present study used a combination of available
local structural alterations involving the DNA binding cleft structures 24, 33) and spectroscopic analysis using SSDNA
residues. In contrast, the ssSDNA was allowed to be bent alongas a molecular ruler to orient the relative positions of the
with the path of the DNA binding cleft of DBD-C to keep RPA subunits with respect to each other and their ssDNA
the trimerization core complex undisrupted (Figure 5A). The ligand. Results from our fluorescence spectroscopic studies
fact that ssDNA is substantially flexible about its phosphodi- showed that binding of sSSDNA to RPA resulted in varying
ester backbone makes it possible for the ssDNA to accom-extents of tryptophan fluorescence quenching of the protein
modate the major native structure of the core with appropriate in an ssDNA-length-dependent manner. Interestingly, the
bending. In the modeling, when the DBD-C-3 nt (dF13  dependence was featured with a stair-like relationship (Figure
15) complex and the DBD-D-3 nt (dT24226) complex were  2). Our results suggest that this pattern of fluorescence
first modeled, the straight distance betweéredd of the changes was likely due to the increasing involvement of more
15th nucleotide and'&nd of the 24th nucleotide, which is  tryptophan residues in binding. Consistently, the crystal-
around 38 A {8 nt), was found to be in a nice fit to our lographic structure of the complex of DBD-AB domains with
fluorescence-determined coordinates. Therefore, a straightan 8-nt ssSDNA showed only limited structural alterations in
8-nt was reasonably inserted into the ssDNA chain betweenthe DNA binding clefts of the domains upon ssDNA binding
the DBD-C and -D domains. In addition, the model is (32, 33). Furthermore, all tryptophans in RPA are located
consistent with the previous prediction that basic amino acids either on the back of DBDs and the unstructured N-terminal
K488, K489, and K588 were oriented in contact with the region of RPA32 or in the DNA binding clefts (Figure 1).
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Despite this, the indirect effects on the tryptophans due to Kim et al. reported a similar fluorescence measurement
the possible conformational changes of RPA cannot be using a much smaller number of oligonucleotide dTs of
completely excluded. different lengthsZ1). The inconsistency between their results

RPA binds to ssDNA with increasing length from 8 nt to and ours is obviously due to their use of the excitation
30 nt in a dynamic and sequential (6 3) manner 4, 33). wavelength of 282 nm rather than the 295 nm we used. At

Because the affinity of RPA DBD domains for ssDNA 282 nm, both tyrosine and _tryptophan were ex_C|ted, and the
follows the order DBD-A, DBD-B> DBD-C > DBD-D, recorded fluorescence emission was a combined signal of
the binding starts with the interaction of DBDs-AB with 8 tryptophan and tyrosine4y). Furthermore, fluorescent

nt (4, 33). This partial complex formation produced the initial fesonance energy transfer might occur between these two
fluorescence quenching of tryptophan residues (Figure 2).types of residues when excited at 282 nm. Because RPA
The observation of two subsequent sharp increases ofcontains a total of 29 tyrosines, a great complexity in the
fluorescence quenching with (di)and (dT), following a fluorescence signal was likely to result. Also importantly,
plateau, suggested that the ssDNA has to be at least 16 andnore valuable interpretations of fluorescence data could not
24 nt long, respectively, to reach the specific tryptophans be made because of the lack of RPA domain structures at
(W528 of DBD-C in RPA70 and W107 of DBD-D in that time.

RPA32) for direct contacts. In other words, the RF#SDNA On the basis of our results and the known structures of
complex may adopt a structure with the two tryptophans the DBD domains of RPA and the complex structure of
interacting with the 16th and 24th nucleotides (from the 5 DBD-AB with 8-nt ssDNA, we have performed a modeling
end) of ssDNA, respectively. In DBD-C, tryptophan W528 to predict the global structures of major DBBssDNA

is located at the exit area of the inflexible palm of the OB complex formation (Figure 5). The model represents a
fold, and the plane of its aromatic rings directly faces the scenario in which RPA binds to a bent or kinked ssDNA by
path of ssDNA binding (Figure 1A)2¢). This implies that  keeping the native global structure of the trimerization core
W528 may become engaged in interaction with a nucleotide, |argely intact. The fluorescence data fit nicely with this model
causing quenching of fluorescence, only when ssDNA is long featured with a full engagement of W528 in contact with
enough (at least 16 nt) and protrudes through the OB fold the 16th nucleotide and W107 with the 24th nucleotide via
of DBD-C. Itis likely that any possible structure changes in aromatic base stacking. Also interestingly, in the domain
the palm due to the binding of shorter sSSONA{B5 nt)  structure of DBD-C 24), W528 is located just outside the
may have little effect on the fluorescence of W528 because gxit and below the palm surface of the binding cleft of DBD-
itis located just outside the exit. However, binding of sSSDNA ¢ with its aromatic rings facing up to the ssDNA binding
longer than 16 nt should cause no further fluorescence changgath. Our proposed structure indicates that maximization of
until the next tryptophan is encountered because the ad-thjs interaction facilitates ssDNA bending, implying that

ditional nucleotides should be found in the hinge region \y50g may play an important role in ssDNA bending. It
between DBD-C and DBD-D. Therefore, a stair-like rela- ghqy19 pe pointed out, however, that there are obvious

tionship of fluorescence quenching with the length of SSDNA i itations for this model, which was generated with many

resulted. It should be noted that a slightly different pattern assumptions. First, the model involves only the four major

of fluorescence quenching was observed for RPA bi”d"!g DBDs without consideration of whether DBD-AB interacts

to ssDNA substrates longer than 24 nt (Figure 2). This is with DBD-CD. Domains F and E as well as the C-terminal
probably because W107 in DBD-D s located in the flexible domain and tﬁe unstructured N-terminus of RPA32 are not

wing (or finger) and near the entrance area of the SSDNA included. Second, the structure of the trimerization core was
binding cleft (Figure 14) £4). It has been suggested that assumed to be globally unchanged upon ssDNA binding so

this part (the wing) of the domain may have a significant that the corresponding structure of the model is comparable
conformational change so as to wrap the ssDIS8, §7). to the crystallographic structure of the co&d). Third, an

This structural alteration may depend on the length of sSDNA average length of 4.8 A per nucleotide of the SSDNA was

ranging from 24 to 30 nt. Because W107 resides near the lied th hout th deli Fourth h

entrance site, the interaction of the 24th nucleotide of4dT) 2PP'€ roudg Ol;] DeBgo :éng pro%a;i our - no change

with W107 may cause a significant but not full fluorescence was assume to the S-AAB- nt.ss complex gtructure
as previously reportedg). Finally, it should be mentioned

quenching of this residue. When additional nucleotides (of
ssDNA >24 nt) are involved in the interactions with other that the docked ssDNA fragment between DBD-B and -C
could also be curved because of the flexibility of the 18-

residues in the same cleft, conformational change of the wing ~~*. - > -
may facilitate and thus enhance the W2Giticleotide amino acid linker. In addition, because of such a long linker,

interaction, causing a gradual increase in quenching. Alter- the relative spatial positioning between DBD-B and DBD-C
natively, because of the much lower ssDNA affinity of of native RPA in solution is likely to be dynamic in the
DBD-D compared to that of other DBDg,(4, 33), itisalso ~ absence of SSDNA.

possible that the sSDNA shorter than 24 nt (e.g., 23 nty may In conclusion, the present study provided some important
interact in close proximity with W107 with insufficient ~ Structural details on human RPAsDNA complex formation
binding energy to associate significantly to it. Thus, the atsingle nucleotide resolution using ssDNA as a molecular
unstable binding results in no substantial fluorescence ruler. As summarized in Figure 5B, our study suggests that
change. However, when an additional nucleotide is addedthe W528 and W107 residues of RPA are in direct contact
to the lengthening ssDNA (e.g., 24 nt), the binding is with the 16th and 24th nt of sSDNA, respectively. Using the
stoichiometric or sufficiently stable to induce the change in cocrystal structure of the DBD-ABssDNA complex 83)
fluorescence at the tryptophan even if the additional nucle- as a model, the average length per nucleotide in binding was
otide could associate to the next nucleotide-binding site of estimated to be 4.8 A/nt, which is also consistent with a
the domain. previous determinatior(). With this information, combined
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with our results, we propose that DBD-B and DBD-C are

spaced by about 4 nt via a long flexible and unstructured
peptide loop, whereas DBD-C and DBD-D are separated by
approximately 7 nt (Figure 5B). Our results also suggest that

the

However, we speculate that a few more nucleotides may be

four DBDs occlude about 26 nucleotides of ssDNA.

also needed to facilitate sSDNA binding of DBD-D, implying
that other parts or domains of RPA could also be partially
or indirectly involved so that 30 nucleotides of ssDNA are
occluded by RPA.
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